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Abstract
In this paper, pure PEI and PEI/Starch thin film sensors were fabricated to detect carbon dioxide (CO2). Films were 
characterized by ultraviolet-visible spectroscopy (UV–Vis). The quartz crystal microbalance sensors (QCM), coated 
with the two selected films by the spin-coating method, showed good sensitivities to CO2 gas with concentrations in 
the range (0.1%-0.5%) at room temperature. In addition, the dependence of temperature on the properties of sensors 
was studied. It was found that the polyethyleneimine (PEI)/Starch nanocomposite thin film sensor exhibited a better 
CO2-sensing property than that of a pure polyethyleneimine (PEI) thin film sensor.
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1. Introduction
Carbon dioxide (CO2) is the main part of the greenhouse gases. Due to a large number of emissions of 
carbon dioxide, the greenhouse effect has caused great damage to the environment of human life. 
Detecting CO2 is necessary and important in many fields such as: clean energy technologies, agricultural 
production, smart grid, demand control ventilation, emissions, food industry, health care, chemical 
industry, storage, geological research, green chemistry and transportation. In particular, CO2 sensor has 
been successfully used in renewable energy applications. Since CO2 generally is an unreactive molecule, 
the design of CO2 sensor operated at room temperature with new sensitive materials had many difficult 
issues. Carbon dioxide gas sensor based on quartz resonators for the detection of CO2 provided a new 
way.
Organic material has attracted wide interest because it can work at room temperature and has a good 
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selectivity. Many organic polymer matrices were reported for CO2 detection, such as: Teflon AF2400, 
Versamid 900, tetraethylene- pentamine, polyethylenimine, poly (amidoamines), carbon nanotubes[1-6]. 
In particular, organic polymer PEI has been successfully applied for detection of CO2 [7]. Ong et al. [8] 
used multi-walled carbon nanotubes (MWNT) as sensitive materials. The results show that CNT-based 
gas sensor response was reversible, and can detect 10% of the CO2. Serban et al. [9] used PAA, PEI and 
animo-CNTs and synthesized two kinds of nanocomposite materials (PAA-animo-CNTs and PEI-animo-
CNTs) as sensitive layer of a SAW structure carbon dioxide sensor. Serban et al. [10] used the Hard Soft 
Acid Base (HSAB) theory as a new tool to select sensing materials for carbon dioxide detection with 
SAW-BAW devices. 
The Hard Soft Acid Base (HSAB) theory was introduced as a new tool to select or design sensitive 
materials for CO2 detection. According to HSAB, a hard Lewis base prefers to bond to a hard Lewis acid, 
and a soft Lewis base prefer to bond to a soft Lewis acid[11]. Specifically, PEI is a highly branched 
polymer with 25% primary, 50% secondary and 25% tertiary amino groups (Fig. 1)[12]. The interaction 
of amino group with CO2 at room temperature forms carbonates, by a reversible reaction.
Fig. 1. PEI molecular structure
QCM has found many applications in many fields such as: gas sensor, humidity sensor, and chemical 
analysis[13-16]. Sauerbrey derived the equation of frequency shift of the quartz resonator in gas phase 
[17], which is given by
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where: f∆ is the frequency shift of the resonator, 0f is the fundamental frequency, qρ is the density of 
quartz (2.648 g/cm3), q
µ
is the shear modulus of quartz, M∆ is the mass deposited on the surface of 
electrode and A is piezoelectrically active area (for the 
2 q qρ µ can be expressed as a k, which is 
estimable to 2.26×10-7). The QCM sensor has been used for gas sensors because of its characteristic of 
fast response and high sensitivity.
In this paper, PEI and PEI/Starch sensitive layer were synthesized and deposited on the QCM by spin-
coating method. In addition, the influence of starch and temperature had also been studied. Films were
characterized by ultraviolet-visible spectroscopy (UV–Vis), and the responses of the sensors towards 
different concentrations of CO2 were investigated. 
2. Experiment
2.1. Reagents and equipments
PEI (average molecular weight~25 000) was purchased from Alfa Aesra. Starch (average molecular 
weight~10 000) was purchased from Chengdu food Company. The quartz crystal microbalance was 
purchased from Benyue Company in Chengdu. QCM device was 8 MHz AT-cut quartz crystal with silver 
electrode on both sides. 
QCM-5 Oscillator (Shengyang Vacuum Technology Institute) excites the QCM devices. The 
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frequency shifts were monitored by a frequency counter (SS7200 intelligent counter, the Fourth Ratio 
Factory, China), which was connected to a computer system via a GPIB interface board and visualized by 
a SS7200 software program in a PC station for analysis. The signal measurements were taken from 
frequency data collected for 120 minutes at 60 points per minute. The data was taken every 1 second. Gas 
sensor test equipment was showed in Fig 2. CO2 standard gas (1%) was purchased from Institute of 
Chemistry of Testing Institute of China.
Fig. 2. Gas sensor test equipment.
2.2. Solution preparation
The solution based on PEI and Starch was prepared according to the following procedure.
Step 1: A solution of 0.2g PEI in 10ml water was prepared and then sonicated for half an hour in an 
ultrasonic bath.
Step 2: A solution of 0.02g starch in 10ml water was prepared and then sonicated for half an hour in an 
ultrasonic bath.
Step 3: Equal volumes of each of solutions prepared at the previous two steps mixed and sonicated in 
an ultrasonic bath for one hour.
2.3. Fabrication of PEI and PEI/Starch gas sensors
The solution got in the previous section was coated on QCM devices using the following spin-coating 
produce: 500 rmp for 9 sec and 1500 rpm for 30sec. The pure PEI was also coated on a QCM device in 
the same way as a gas sensor. The sensors were placed in a test chamber and were exposed to N2 and 
CO2 gas alternately. CO2 gas concentration was controlled by two mass flow controllers. For CO2 gas, 
five concentrations were selected (0.1%, 0.2%, 0.3%, 0.4%, and 0.5%). The sensitive properties were 
investigated at room temperature.
3. Result and Discussion
3.1. Characterization of thin films
To compare PEI/Starch nanocomposite with pure PEI thin film in more details, films were
characterized by ultraviolet–visible spectroscopy (UV–Vis). UV–Vis absorption spectra of PEI and 
PEI/Starch nanocomposite film were shown in Fig 3. A sharp absorption peak was observed at 290 nm in 
the spectra of PEI, while PEI/Starch film showed no obvious absorption peak. We guessed that the 
presence of Starch resulted in the disappearance of absorption peak at 290 nm for PEI/Starch thin film.
MCQ-5 SS7200
QCM
Outlet
N2
CO2
f
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Fig. 3. UV-Vis absorption spectra of the PEI and PEI/Starch thin films.
3.2. Sensor response
The response-recovery curves of sensors when exposed to different concentrations of CO2 at room 
temperature were shown in Fig.4 (a) and (b) ， respectively. Gas sensing characteristics of the sensor to 
different concentrations of CO2 was tested. The ambient temperature is 25 ℃, and relative humidity is 
55%. R. H.
It can be seen that when the sensors were exposed to CO2 gas, the frequency rapidly decreased (The 
response time is an important parameter used for charactering a sensor. The response time of sensor is 
defined as the time reducing to 36.8% of frequency shift when the gas is turned on. And the response 
times of PEI and PEI/Starch sensors are 11.7 and 18.9 min, respectively). Then the sensors reached the 
steady-state as the gas molecules were adsorbed onto the surface of the sensitive film. Frequency returned 
to their baseline when CO2 gas was flushed out of the sensors by clean N2, and sensors exhibited fast 
recovery property. (The recovery time of PEI is about 20.7 min, while the recovery time of PEI/Starch is 
about 21.6 min).
(a)                                                                     (b)
Fig.4 The response-recovery characteristics of PEI (a) and PEI/ Starch and (b) thin film sensors exposed to different concentrations 
of CO2 at room temperature
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Fig.5 The sensitivity of PEI/Starch and PEI thin films sensors to different concentrations of CO2
Starch, a mixture of linear component amylose and branched component amylopectin, affected CO2
reaction with PEI amino groups. The presence of the starch attracts more water to the films surface due to 
the hygroscopic nature of the polymer. When the reactions occur in the presence of hygroscopic starch, 
the interaction of carbon dioxide with H2O shifts the equilibrium due to the competing formation of 
carbonates and bicarbonate ions. This subsequent increased in the local CO2 concentration in the polymer 
recognition layer, likely results in greater protonation of PEI amino groups.
The sensitivity of PEI/Starch and PEI thin films sensor was shown in Fig. 5. The sensitivity was 
defined as the shift of frequency. It can be clearly seen that the sensitivity of PEI/Starch based sensor was
higher than that of PEI based sensor. The frequency shift of PEI/Starch thin film sensor can reach 70 Hz 
when exposed to 0.5% CO2 while the frequency shift of pure PEI is only 20 Hz. 
Fig.6 shows the reproducibility of PEI and PEI/Starch sensors to 0.5% CO2 at room temperature. The 
sensor based PEI/Starch film sensor exhibits better reproducibility than PEI film sensor.
                 
(a)                                                                                     (b)
Fig.6. Repeatability of PEI (a) and PEI/Starch (b) thin film sensors exposed to 0.5% CO2 at room temperature
3.3. Influence of temperature
The response of two sensors to 0.5% CO2 was measured at temperature from 20℃ to 60℃. The 
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PEI/Starch sensors and PEI sensor showed similar temperature characteristics form as shown in Fig 7. It 
can been seen that frequency shift was about 30HZ and 50HZ at 20 ℃, when temperature increases to 
30℃, the frequency shift increased dramatically in a short time and presents linear tendency 
approximately. The response to temperature was very fast. When temperature reached 30℃, frequency 
maintained a stable condition. Similar phenomenon lasts till temperature increased to 40℃. The 
frequency shift displayed strong decrease when temperature was higher than 45℃ at the process of 
testing. Frequency change can be seen in the vicinity of 45 ℃ to achieve the maximum 66HZ and 135Hz
for PEI and PEI/Starch sensors respectively. When the temperature reached 60℃, the sensors’ frequency 
increased significantly.
(a)                                                                         (b)
Fig. 7. Temperature effect on the real-time response of PEI and PEI/Starch based QCM sensors
The sensitivities of PEI/Starch and PEI thin films sensor at different temperatures were shown in Fig 8. 
It can be clearly seen that the sensitivity of PEI/Starch based sensor was higher than that of PEI based 
sensor. The frequency shift of PEI/Starch thin film sensor can reach 135 Hz exposed to 0.5% CO2 at 
60℃while the frequency shift of pure PEI was 66 Hz. The results indicate that two kinds of films at 
different temperatures show a similar temperature profile. The only difference was that the sensitivity of 
PEI/Starch sensor has been found to be larger than that of single PEI layer coated sensors from 20℃ to 
60℃.
Fig.8. The sensitivity of PEI/Starch and PEI thin films sensors to different temperature for 0.5% concentrations of CO2
4. Conclusions
In this paper, QCM gas sensors based on PEI and PEI/Starch sensitive films synthesized by step-growth 
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polymerization were fabricated. The sensitive properties of the sensors were investigated towards various 
concentrations of CO2 gas. It was found that PEI/Starch thin film sensors exhibited high sensitivity and 
good repeatability when exposed to CO2. The PEI/Starch sensor and PEI sensor showed similar
temperature characteristics. This study would help the development of CO2 gas sensors with high 
sensitivity.
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